Reclaimed water quality has largely focused on meeting standards in the treated effluent. While the focus is well placed, reclaimed water may change before it is used at dispersed locations. Reclaimed water is a perishable product with a shelf life requiring packaging (i.e., piping) and preserving (with a disinfectant) during storage to minimize deterioration in quality. It typically contains higher nutrient levels compared to potable water. Based on an online survey, the challenges were characterized into nine categories in order of importance: infrastructure, water quality, customer relations, operational, cost (pricing), capacity/supply, regulation, workforce, and miscellaneous. The first five categories accounted for 80% of the challenges raised by the industry. A review of the literature provided various remedies to these challenges which can be incorporated into best management practices for controlling potential health and aesthetic issues associated with storage and distribution of reclaimed water.
Most (>80%) of the issues raised belonged to the first five categories. This finding was used to prioritize the reviewed themes as they relate to managing and operation of reclaimed water storage and distribution systems with a better understanding and possible remediation measures for the five categories. The remaining four categories are addressed in a companion paper (Jjemba et al. in preparation) . Details about how the survey was conducted and literature sources identified are also presented in the companion paper.
INFRASTRUCTURE
Infrastructural issues are of paramount concern to reclaimed water utilities nationwide (Asano et al. ; Selvakumar & Tafuri ) . The generic infrastructural issues identified by utilities are summarized in Table 1 . They range from system designs that are unable to handle water pressure variations, poor conveyance, deterioration due to corrosion from high disinfectant residuals, metals or salts, metering and, most important, providing adequate storage of the reclaimed water. Reclaimed water infrastructure displays a high level of engineering systems. These attributes are discussed below.
Storage
Storage issues encompass the lack of redundancy in the system and challenges of conveying water to the site.
Water reclamation is lowest during the daytime hours when people are active and producing wastewater but also the time when irrigation systems are generally inactive to allow for uninterrupted use of public greenbelts. Irrigation demand is much higher at night when the public is not using parks, schools, golf courses, etc., but is also not producing wastewater. Therefore, there is usually a 12 h offset between peak reclaimed water production and peak reclaimed water demand. To offset the discrepancy between wastewater generation and reclaimed water demand, reclaimed water is often kept in some form of storage system prior to use. Reservoirs may be in tanks or ponds.
Because of the volumes of reclaimed water and the variation in demand, the latter form of storage is more commonly used. Management and maintenance of reclaimed water tanks include regular inspection of the foundation, as well as the outside and inside of the tank, periodic draining and removal of debris.
Reservoirs can have a critical influence on reclaimed water quality ( Jjemba et al. a) . Covered reservoirs have minimal influence from direct sunlight which minimizes algal growth. By contrast, open reservoirs are exposed to direct sunlight which favors proliferation of algae and various water weeds such as duckweed (Lemna sp.) . Presence of such vegetation may necessitate operational practices such as draining or spraying with herbicides (Rimer & Miller ) . Fornarelli & Antenucci () reported excellent results from the transferring of water from one reservoir to another to control vegetation.
This practice dictates two operational decision variables, the magnitude and timing of water transfers, which should be considered for integrated management of the reservoir system. The timing of the transfer is important in controlling phytoplankton biovolume. By specifically avoiding pumping during algal bloom periods in the source reservoir, the diatom and cyanobacteria biovolume was reduced by one half in the receiving reservoir. No cyanobacteria growth was documented when transfers occurred during summer.
Corrosion and deterioration of structures
Corrosion involves the dissolution of a structure from anodic sites with the subsequent acceptance of electrons at cathodic sites. It occurs both under oxic and anoxic environments. During corrosion, the consumption of electrons varies, depending on the redox potential of the surface.
Under oxic environments, oxygen serves as the electron acceptor, forming a variety of oxides and hydroxides (Jjemba ) . At a low redox potential, protons become the electron acceptors yielding H 2 and other reduced products. In the presence of bacterial biofilms on the infrastructural surfaces, the uptake of oxygen is enhanced, creating localized zones of differential aeration. This in turn produces cathodic areas where electrons are continuously accepted, leading to the reduction of the structure, and anodic areas where the oxidized metal dissolves, resulting in a corrosion current and the dissolution of the structure in question. Distinguishing between chemical and microbial corrosion is often difficult because the two processes enhance each other.
Although not a universal standard, the use of purple plastic (polyvinyl chloride, PVC) pipes for reclaimed water systems, originally introduced by California, is widely used. PVC and similar materials offer advantages over steel and concrete pipes since they are 30-70% less expensive, easy to install, non-corrosive, and durable with an expected design life of more than 100 years without the extensive and expensive corrosion treatments (Baird (low, surges, or inconsistencies particularly at end of the system)
• Challenges in conveying water to recharge (or reuse) site
• Non-looped distribution system (associated with a lack of redundancy on supply)
• Frequent leaks in chlorination system (liquid feeds)
• Cost and cost-effective means to extend system to potential customers • Provision of enough valves to satisfy the n À 1 rule (n À 1 valves at a junction of n pipes).
• Average pipe length per valve should be between 500 and 700 feet (i.e., 152-213 m).
• To isolate a break, the maximum number of valves to be closed should be four or fewer.
• Utilities should set a goal of exercising valves once every two to three years and annually for valves 16 inches (40.64 cm) or larger.
• Dedicated crews for valve maintenance and repairs should be considered. However, cross-training staff should be considered, particularly during emergency conditions.
Cross-connection control
Cross-connection is a link between two systems, notably the reclaimed water and the potable water system. However, there can also be a link between the reclaimed water and Irrigation is the most common usage of reclaimed water.
CUSTOMER RELATIONS AND SATISFACTION ISSUES
Thus, its demand can be largely impacted by the prevailing season leading to rationing so as to meet client demand in some locations ( Jjemba et al. a) . In terms of nutrients, reclaimed water is deemed superior to potable water for irrigation purposes. If the reclaimed water is to primarily be used for irrigation purposes, operators have to be mindful of nutrient levels. If excessive, nutrients can cause injury to the irrigated vegetation and also increase the possibility of contaminating the groundwater. Reclaimed water that is used for irrigation also has to be treated to minimize salinity, which can occur if the water contains high levels of sodium bicarbonates (Wu et al. ) . Saline soils display a high electrical conductivity (namely, >4 mS/cm) which can negatively affect vegetation by lowering the free energy of water in the soil matrix and reducing the ability of the plant roots to extract moisture from the soil owing to the osmotic pressure generated by the electrical conductivity.
Most of the issues raised about customer relations and perception (Table 3) can be addressed through a multipronged approach that requires:
• putting reclaimed water into larger context of a water portfolio;
• maintaining constant communication with customers through open house activities, newsletters, webcasts and similar outreach activities;
• branding reclaimed water through advertising and highlighting the associated benefits and shortfall of its use (Davis undated);
• involving customers in the decision-making processes;
• developing partnerships at all possible levels;
• providing avenues for constant feedback to and from the customers. Table 4 .
In addition to microbial criteria for reclaimed water, some specific physical and chemical surrogates for microbiological water quality have also been identified. For example, • Expanding uses for reclaimed water and associated widening of the customer base (e.g., getting industrial or cooling tower customers to use reclaimed water)
• A high variability in system (customer) demand
• Customer practices such as poor control of runoff from properties (Table 5 ). However, no association between human pathogens (e.g., Legionella and Mycobacterium) and carbon levels was observed in these reclaimed waters.
Aesthetics and water quality are primary issues affecting consumer perceptions, permits, and water use choices (e.g., irrigation versus cooling towers, toilet flushing, etc.). A major driver for such deterioration is the loss of disinfectant residual. This section is therefore devoted to examining reclaimed water quality issues of aesthetic, physical, operational, and biological nature.
Algae and macroorganisms' management
Long retention times coupled with high nutrient loads typical of reclaimed water are ideal for intense algae growth in open reservoirs. Excessive nitrogen and phosphorus support photosynthesis and algal biomass accumulation, which is also influenced by climatic conditions, specifically sunlight and warm temperatures. Thus, most algal biomass is accumulated in summer and fall. Algal proliferation is not only limited to the reservoir but also impacts the distribution • THM production in the system (due to chlorination requirements) Reclaimed water may also be invaded by macroorganisms such as snails, worms (e.g., redworms), zebra mussels, turtles, fish, weeds (e.g., duckweed, moss, water hyacinth), and ferns (e.g., Azolla). Although chemical con- Figure 4 ). However, biological control agents have to be local as to avoid unintended consequences of trying to eliminate an invasive species with another invasive species. Table 6 summarizes some chemical and biological remedies for respective macroorganisms.
Microbial problems in distribution system
A summary of the common microbial problems associated with distribution systems and how they can be resolved is presented in Table 7 . From an operational perspective, free 
Influence of pH
The efficacy of chlorine disinfection is dependent on pH. At a pH less than 7.5, HOCl is the predominant species whereas at higher pH levels, the less efficacious OCl À is the predominant species. Results from two reclaimed water systems on consecutive days showed predictable pH increases in the storage and distribution systems compared to the effluent ( Figure 6 ). The increase can negatively impact the efficacy of a residual disinfectant in the 
Infrastructure effects on disinfectant efficacy
The type of pipe wall has an impact on disinfectant decay.
For chlorine, decay increases with PE, PVC, epoxy, cement, and iron pipes in that order whereby PE is least reactive and iron is most reactive (Brandt et al. ) . The rate of decay of chloramine is comparatively lower than chlorine decay. The difference in rates of decay between chloramines and chlorine is estimated at a factor of ten 
Disinfection by-products
Relatively high levels of chlorine (i.e., 5-20 mg/L) can be applied to ensure adequate disinfection of viruses and other pathogens prior to use of reclaimed water. However, these levels can cause formation of nitrosodimethylamine (NDMA) and other DBPs. DBPs may be of greater concern in drinking water compared to reclaimed water, except where reclaimed water is for indirect potable reuse (e.g., 
Minimizing retention in pipes
Retention of reclaimed water can be enhanced by increasing the piping efficiency ratio (PER) achieved through a declining pipe system diameter design. The declining diameter provides unidirectional velocities with a critical scouring Figure 8) . The smaller the ratio, the more economically suitable the potential reclaimed water supply, reflecting the economies of scale for the investment.
Odor control
Odorous compounds are formed slowly. Thus, retention time can indirectly impact their presence. Solving odor problems in reclaimed water storage and distribution systems should begin by investigating the following:
• How the systems or reservoir was designed.
• Whether operation of the systems or reservoir has changed.
• Whether odors are apparent on certain days or at certain times and not others. • Whether any part of the system or reservoir has been closed or added.
Understanding these questions may provide some clues to solving odor problems. In most instances, the odor is attributable to sulfur and sulfur-containing compounds. presence of biofilm on the pipe surface, absence of sulfate reduction inhibitors, and the oxidation-reduction potential.
Sulfide formation in reclaimed water increased rapidly at À140 to À211 mV but was diminished above À100 mV (Elmaleh et al. ) .
Water discoloration
Discoloration of reclaimed water can be caused by a number of processes. Most notable is the growth of algae and cyanobacteria, giving the water a greenish color. It can also develop a reddish color due to iron (Fe 3þ ) oxides or a blackish coloration due to manganese (Mn 4þ ) oxides. Increasing pH from 7 to 9 decreases the release of iron. In some instances, coloration is enhanced by stagnation and the associated corrosion.
Salinity
As highlighted in the section Customer relations and satis- (2004)).
the section Metals and nutrients). A major source of these salts is from the human dietary intake, gray water (through detergents), self-regenerating water softeners, swimming pools, as well as industrial and commercial discharges.
Salts may also be added during the treatment system (e.g., addition of lime). Based on data from FWI (), the relationship between TDS and electrical conductivity in water is represented by Equation (1); whereby x ¼ conductivity (μS/cm) and y is the TDS (mg CaCO 3 /L):
In a survey of 85 reclaimed water utilities, only 25%
identified TDS as one of the constraints for use of reclaimed water (Thompson et al. ) . A majority had no plans to implement best management practices to limit salinity, 25% had been or were considering such measures whereas Table 11 .
Effects of nutrients on cooling towers
With cooling towers, the COC are very important, representing the concentration factor for the water in evaporative cooling systems. For example, COC5 implies that recirculating cooling water has five times the total dissolved solids concentration compared to makeup water. The Electric Power Research Institute provided chemical constituent guidelines for water used in cooling towers. These in mg/L include: Ca (300), Ca × SO 4 (500,000), Mg × SiO 2 (35,000), SiO 2 (150), total Fe (<0.5), Mn (<0.5), Cu (<0.1), Al (<1), S (5), NH 3 (<2), M alkalinity (30-50), pH (6.8-7.2), TDS
(2,500), and TSS (100-150) (EPRI ). The pH and M alkalinity are applicable in the absence of corrosion inhibitors. If phosphate is present, the circulating water has to be strictly maintained between pH 6.8 and 7.2 to avoid formation of tricalcium phosphate [Ca 3 (PO 4 ) 2 ], a very persistent scale.
To predict cooling tower water quality, EPRI developed
WinSEQUIL software to address the complexity of cooling system chemistry. The software helps users identify operating scenarios likely to result into scaling from source water by preventing precipitation of ionic moieties due to increased solubility, allowing higher COC. A search of Google and 
OPERATIONAL ISSUES
Operation in this instance refers to the systematic design, direction, and control of processes that transform wastewater into reclaimed water and the processes to deliver the reclaimed water to its intended use. Working under the assumption that reclaimed water effluents meet quality regulations, this paper focuses on operational challenges to ensure maintaining such quality to the point of use. In this regard, the storage and conveyance of reclaimed water become very critical for handling a perishable product.
However, upstream processes are crucial to the quality of water downstream and are important to manage through operations. The operational issues pertinent water treatment, preservation, and distribution identified through the survey are presented in Table 12 .
Upstream treatment
Organic carbon greatly impacts reclaimed water quality, influencing color, turbidity, and regrowth of microorganisms.
The most labile form of organic carbon, AOC is a good indicator of the propensity for microorganisms to proliferate in reclaimed water (Jjemba et al. b) . Weinrich et al. () reported considerable variability in reclaimed water effluent quality for AS, sequencing batch reactor (SBR), and RBC ( Figure 9 ). Some AS and SBR systems provided effluents of equal quality with the highly favored MBR systems. Those results strongly suggested the tremendous operational differences between plants. It is imperative to understand these management practices.
Reservoir design and management
Proper storage minimizes regrowth of microorganisms in reclaimed water (Gauthier et al. ) . Product integrity in the reservoir can depend on the physical design of the 
Mixing duration
The duration of mixing in a reservoir should ideally be less than the time it typically takes to fill the reservoir.
For a wide range of tank and reservoir designs, experimentation has shown that the mixing time is primarily dependent upon the volume of water in the facility, diameter of the inlet, and the rate of flow (Grayman ).
Equation (3) was developed for cylindrical reservoirs under fill and draw operation whereby V is volume of water in the reservoir at start of fill, Q is inflow rate, and d is inlet diameter:
Because of the highly significant effect of inlet diameter and amount of water exchanged during the fill cycle on mixing time, it is recommended that inlet diameters be sized in order to ensure adequate mixing.
Managing detention time
Long detention times can lead to low disinfectant residuals, even in well-mixed reservoirs. Detention time can be estimated by dividing the duration of an average fill and draw cycle by the fraction of the water that is exchanged during the cycle (Equation (4)):
whereby τ f is the fill time, τ d is the draw time, V is the volume of water at start of the fill period, and ΔV is the change in water volume during the fill period ( 
COST AND PRICING OF RECLAIMED WATER
Because it is essential for life, water is a priceless resource.
However, a lot of investment goes into its purification, treatment, and delivery. These are the services on which water pricing is, at least in theory, based. A focus of the reclaimed water industry's cost and pricing issues are summarized in Table 13 .
The water portfolio
The economic value of reclaimed water to the user depends 
Pricing reclaimed water
Setting reclaimed water rates is important in successfully establishing and operating a reclaimed water system. Oftentimes it costs more to generate reclaimed water than it costs to generate potable water (Cuthbert & Hajnosz ) . If the recycled water has to be treated to a usable level just for disposal, then this cost is borne by the users of the sewage system. To that effect, reclaimed water users are only on the hook for distribution system costs and any treatment above that needed for discharge. Furthermore, reclaimed water costs only have to compete with the most expensive source of potable water. To remain attractive and competitive, reclaimed water cannot be priced higher than potable water as, in the eyes of most consumers, it is generated to supplement potable water supplies. Customers also perceive reclaimed water to be of lower quality than potable water. Flat rate A fixed amount of money is paid by the customer over a fixed duration (e.g., $7/month) irrespective of the amount of water used. It therefore provides for an unlimited use Commodity-based rate A fixed amount of money is paid per unit volume of water. For example, $0.44 per 1,000 L. It is generally for commercial and industrial users Base plus volume charge A fixed base charge plus an amount of money charged per unit volume consumed. Example: $3.25 plus $0.02 per 1,000 L Seasonal rate A lower rate is charged per unit volume used up to a certain volume. Thereafter, a slightly higher rate is charged for medium volumes consumed. An even higher rate is charge for larger volumes used. Example: $0.27 per first 1,000 L (low volume rate); $0.32 per next 1,000 L used (medium) and $0.41 per L thereafter. It is generally for commercial and industrial users
Declining block rate The rates decline as more volume of water is used. Example: $0.13 (first block); $0.03 (second block); $0.02 (third block). Typically used for agricultural purposes
Inverted block rate The rates are increased as more volume of water is used. Example: $0.16 (Tier 1); $0.20 (Tier 2); $0.41 (Tier 3); 0.82 (Tier 4), and $1.64 (Tier 5). It is most suited for non-agricultural purposes Time-of-day-based rate Different rates under varying demand scenarios. For example: $0.34 during peak demand and $0.31 during off-peak hours. Peaking customer had total average daily demand occurring between 9:00PM and 6:00AM whereas off-peak customers had occurring at a continuous 24 h period Take-or-pay-based contracts Customer negotiated rates and terms under service agreements. Can be a single rate or a multilayered complex rate structure depending on water demand and supply, quality or a variety of other factors
Customer-specific negotiated rate Rates varying or remaining fixed based on negotiated agreements Connection fees A one-time fee for each user before they are connected to the system Assessment fee To defray capital cost of the reuse system Impact fees Covers cost of wastewater treatment and disposal (i.e., sewer rates) Sources: Cuthbert & Hajnosz (1999) ; USEPA (2012a). A survey of 23 plants by Cuthbert & Hajnosz () found rates of 50-100% those of potable water, with an average price of 75% the price of potable water. Actual pricing was based on:
• a comparable competitive option (i.e., the potable water price);
• maintaining a viable alternative economic alternative;
• incentives for using reclaimed rather than potable water;
and/or
• rates that other utilities charge.
However, setting reclaimed water prices below production costs creates a shortfall which has to be made up typically through subsidies. The subsidies are indirect (e.g., sewer fees) or directly from the respective municipality budget. Cuthbert & Hajnosz () and more recently the USEPA (a) identified several types of rates for pricing reclaimed water (Table 14) . These have more recently been characterized as volumetric fees (USEPA a). Flat rate was the most predominant practice followed by the seasonal rate structure (Cuthbert & Hajnosz ) . However, by the time of that study connection fees, assessment fees, and impact fees were not a common practice. These three practices were only recently highlighted by the USEPA (a).
Many utilities set reclaimed water rates based on market analysis or what customers are willing to pay rather than on full cost pricing. The average reclaimed water rates in 2007 ranged between 50 and 100% of the potable water rate and 42% of respondents set their reclaimed water rates to promote the use of reclaimed water (HDR ). Of 89 utilities studied, most recovered less than 25% of their operating costs. However, the pricing did not include significant Results of an extensive search for potable and reclaimed water rates for some cities in the USA are presented in Figure 10 . Reclaimed water was less expensive in all cities for all user types except for the single-family rate in Tucson (AZ). The discrepancy in Tucson may be explained by the cost of the new construction necessary to deliver to single family homes. The largest difference in price was found in San Diego, CA where reclaimed water cost about 78% less than potable for all user types. There is increasing recognition of the need for generating sufficient revenues from reclaimed water systems to provide annual capital improvements, operating and maintenance, repairs, working capital, and reserves (USEPA a). This requires equitably distributing the cost of water services based on cost-of-service principles. This strategy strengthens the water portfolio.
CONCLUSION
Water reclamation has continued to grow in urban and rural areas of the USA. Most of the focus has until now been with meeting effluent standards. However, reclaimed water is a perishable product. Exploiting its full benefit requires maintaining acceptable shelf life and proper preservation at the point of use. Attaining this goal is still hampered by infrastructural, customer-relations, quality, operational, costing, demand and supply shortfall, regulations as well as workforce problems. The first five problem areas on the list represented 80% of the issues raised through the survey. Solutions to most of these problems can be explored from information already available in the gray and peer-reviewed literature together with a concerted effort to tap the indigenous knowledge from operators and water professionals. Such an approach will be crucial in formulating best management practices for reuse. The information presented in this review will play a significant role in meeting this goal.
